Recently, catalytic methodologies have been developed to avoid phosphine oxide waste produced in classic phosphorus-consuming processes, i.e. Appel and Wittig reactions. For these new catalytic methods, however, the requisite stoichiometric amounts of silanes raised the question of whether net environmental improvements can be achieved. Here, we conducted a life cycle assessment (LCA), in which the classic reactions are compared with their catalytic counterparts in terms of cumulative energy demand and greenhouse gas emissions. The analysis shows that the replacement of phosphines by silanes can offer environmental improvements for the Wittig reaction, but that additional reagents and working in lower concentrations can offset these environmental improvements for the Appel reaction. These results clearly show the importance of LCA in early chemical methodology development.
Introduction
Phosphorus reagents are widely employed in organic synthesis, even on a multiton scale in industry.
1 One major environmental drawback of these reagents is that the concomitant phosphine oxide waste dramatically lowers the atom economy of the reactions and hampers purification of the product. 2 The inert phosphine oxides are often incinerated as their regeneration requires harsh conditions or the use of toxic phosgene. 1b,3 Therefore, the desire to replace these reactions with alternatives has been clearly expressed both by industry and academia. 4 A promising alternative process involves the in situ regeneration (i.e. reduction) of the phosphine oxide product, which enables phosphorus turnover and thus allows substoichiometric amounts of the phosphorus reagent ( Fig. 1 ).
5
Specially designed organophosphorus catalysts 1 and 2 allow direct reduction by silanes and lead to catalytic Wittig (conversion of aldehydes to olefins) 5a and Appel reactions (conversion of alcohols to alkyl halides).
5b,c
The intrinsic requirement of a stoichiometric reducing agent raises the question of whether environmental improvements of the reaction can be achieved in this manner. Especially since thus far, only silanes (trimethoxysilane and (di)phenylsilane) have shown the desired balance between reduction potential and functional group tolerance. Similar to phosphines, these silanes require a rather lengthy synthetic preparation that might lead to a significant environmental impact as well.
The environmental improvement of existing chemical processes is a topic that receives increasing interest from the chemical society. A key requirement in such an improvement process is a quantitative analysis of environmental impact of both the old and new chemical processes. Basic metrics such as atom economy 6 or effective mass yield 7 are methods that quickly give insight into potential environmental impact, because the factors can be easily determined from simple reaction equations. However, the outcome might be misleading. For example, different waste requires different treatments and the use of solvents is also excluded from such analyses. A more complete and precise analysis would be beneficial, but is often hampered by a lack of process data. The emergence of new and more complete databases, however, in combination with universal methodological guidelines enables increasingly detailed studies to be performed on reaction pathways. 8 Life cycle assessment (LCA) is now considered to be the standard and most accurate method to evaluate the environmental performance of chemical production processes, because it identifies environmental impacts for all individual contributing factors over the entire life cycle of the process. 9 Such studies have been used to assess impacts in numerous industrial chemical processes already in the stage of production, 10 but they have also been used in earlier stages in development in comparative studies for the production of for instance polyols 11 and ionic liquids. 12 By using LCA, research and development resources can be focused on the development of processes that have environmental benefits and aid in further developing the green chemistry concept. 13 The aim of this paper was to compare the environmental impact of the classic Appel and Wittig reactions with their new catalytic organophosphorus counterparts that are currently under development on a laboratory scale (Fig. 2) . The catalytic processes were analyzed using three different silanes: diphenylsilane, phenylsilane and poly(methylhydrosiloxane) (PMHS). Diphenylsilane has already been used in both the Appel and Wittig reactions. 5a,b Considering the similarity in structure and its application in other catalytic reactions, 5d,14 phenylsilane was also of interest and therefore included in the analysis. The inherent stability and low cost of PMHS and promising new developments for possible applications prompted us to include this polymeric silane as well. 15 At a very early stage in the development of this alternative chemistry, the presented data clearly show the environmental advantages and drawbacks of the reported new alternative processes and areas for further environmental improvement.
Methods and materials
In an LCA, four separate stages can be distinguished. First the aim, system boundary and functional unit are defined. The functional unit is the common basis of comparison between the products of interest, e.g. the production of 1 kWh of electricity in the comparison of various ways to generate electricity (coal, gas, solar, nuclear, etc.). Subsequently, in the inventory analysis the process data are collected for the full life cycle. The inventory analysis results in a quantitative overview of all resource extractions and emissions related to the functional unit. In the third step, the impact assessment, the extractions and emissions are aggregated to a limited number of impact categories, such as global warming. Finally, interpretation of the results in which a sensitivity analysis is included that covers the major individual process contributors will lead to the conclusions.
System boundaries and functional unit
The functional unit was defined as the production of 1 mole of alkyl chloride (Appel reaction) or 1 mole of olefin (Wittig reaction). We followed a cradle-to-gate analysis, excluding the use phase of and waste treatment of the chemicals produced, as is common practice in the production of fine chemicals. 16 In fact, we focused in the LCA on specific differences between the classic and catalytic reactions.
Inventory analysis
The process trees for the Appel and Wittig reactions were based on expert judgment and available literature ( Fig. 3 and 4 and ESI †). For the Appel reactions, four chemicals are required as direct input: the alcohol, the chloronium donor [carbon tetrachloride (CCl 4 ) or diethyl chloromalonate (DECM)], the silane or phosphine (PPh 3 ) and acetonitrile as the solvent. 17 The concentration (0.1 M) was set as required for the catalytic reaction. For the Wittig reactions, the solvent of choice is toluene (3 M). In the case of the classic reaction, the phosphorus reagent (ylide, EPPA) and the aldehyde react as such, while in the catalytic reactions ethyl chloroacetate and the base sodium carbonate form the ylide in situ. In recent years, major progress has been made with the emergence of the ecoinvent database in which thousands of • Phosphine catalyst production is ignored since the exact composition, amount and industrially viable synthesis are still unknown. Furthermore, it is expected that its relative contribution to the LCA is only minor due to the relatively small amounts on final application (<1 mol%).
• No transportation is taken into account, except when already present in ecoinvent, as its contribution to cumulative energy demand and global warming calculations is often rather small. 20 • In the case of stoichiometric use of reagents (e.g. PPh 3 and the silanes), organic waste is incinerated in a hazardous waste incinerator.
• Inclusion of solvents is essential for LCA in pharmaceutical and fine chemistry, as it is known to account for a large share (75% on average) of the total energy usage. 21 For the batchwise reaction (LiAlH 4 reduction, PPh 3 production, Appel and Wittig reactions) a batchwise solvent distillation (acetonitrile) or incineration (other solvents) is taken into account by using Capello's ecosolvent tool and a distillation efficiency of 90%. 22, 23 To this end, the final impact of acetonitrile is the impact of production and distillation, minus the average gain of recovering the solvent. This method has been applied previously by Raymond et al. as well.
21
• Side products were regarded as waste and incinerated. The data sources can be divided into three categories: ecoinvent data, APME data and technical literature data. Ecoinvent data cover the data originating from that database and are mostly based on unit process data. 24 The APME data are aggregated datasets that have been recently integrated into the ecoinvent database. 8b,25 For the purpose of our study, these data were considered to be of high quality. Finally, data that were unavailable from the database were collected from technical ( patent) literature.
Life cycle impact assessment and interpretation
For a quantitative impact comparison, two different methods were used: the global warming potential over 100 years (GWP 100a) as developed by the International Panel for Climate Change (IPCC) and the cumulative energy demand (CED).
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The GWP 100a reflects the cumulative increase in radiative forcing over a time frame of 100 years of greenhouse gas (GHG) emissions, expressed in carbon dioxide equivalents. The CED expresses the total energy consumption for the total life cycle inventory and can be considered as a useful proxy for the total environmental burden in early product development. 27 It is worth noting that CED and GHG emissions are not necessarily correlated. For instance, when solvent waste is incinerated, this decreases the total CED (since energy in the form of heat is obtained), but the total GHG emissions increase (since CO 2 gas is emitted). For this reason, both methods were included in this research. The collected data were analyzed using SimaPro 7.1® software to obtain the GHG emission and CED values.
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In addition to the comparison of the classic and catalytic reactions, the contribution of the phosphines or silanes per reaction to the CED and GHG emissions was assessed. Furthermore, the sensitivities towards the solvent treatment and the efficiency of diethyl chloromalonate production were evaluated in terms of relative maximum and minimum deviation from the original CED and GHG values. Finally, since the yields of the catalytic and classic reactions are expected to be different (see Fig. 3 and 4) , the starting alcohol for the Appel reaction and the starting aldehyde for the Wittig reaction will influence the LCA results. As the selected starting alcohols and aldehydes are not defined upfront, we calculated the maximum allowed CED and GHG emissions of the starting alcohol and aldehyde to maintain the conclusion that the catalytic reactions are preferable over the classic reaction. In order to put these numbers in perspective, we determined for a specific aldehyde whether the catalytic reactions would still be beneficial. In this particular case, aldehyde 3 was selected as it is known to be used in a Wittig reaction for the production of vitamin A.
1b We used Wernet's Finechem Tool to estimate the CED and GWP emission of 3.
Results

Appel reactions
The results of the classic and three catalytic Appel reactions are depicted in Fig. 5 . It becomes clear that no reduction in cumulative energy demand and greenhouse gas emission is achieved by replacing PPh 3 (yellow) in the classic reaction for the silanes (dark blue) in the catalyic reactions. This can be explained by the necessity to replace CCl 4 by DECM (orange and purple) which increases both the GHG emissions and the CED that it offsets the advantage of using silanes. Furthermore, the main impact is caused by the solvent acetonitrile (green) in terms of both the GHG emissions and the CED.
Wittig reactions
For the Wittig reactions, the results are different compared to the Appel reactions (Fig. 6) . First of all, the relative improvement by using silanes is larger due to a lower importance of the solvent in terms of CED and GHG emissions. Moreover, in contrast to DECM for the Appel reaction, the additional required reagent (i.e. sodium carbonate) has a relatively low share in both the CED and the GHG emissions. For this reason, a Wittig reaction performed with PMHS appears to be beneficial in terms of both CED and GHG emissions. The current state of the art involves a Wittig reaction with diphenylsilane (Ph 2 SiH 2 ), which reduced CED and GHG emissions by 18% and 35% respectively. Phenylsilane does not give different results compared to diphenylsilane. Fig. 7 shows the individual contributors leading to triphenylphosphine and the silanes with the amounts as used in the Appel reaction. The main contributors to PPh 3 are the solvent (toluene) and chlorobenzene, while for the silanes this is lithium aluminum hydride (LAH) and benzene (in the case of Ph 2 SiH 2 ). The difference between using PCl 3 or SiCl 4 is small in terms of both the CED and GHG emissions. The amount of phenyl groups in the product is clearly reflected by the CED caused by chlorobenzene and benzene as one phenyl group contributes to ca. 10 MJ-eq. per functional unit.
Interpretation
For both the Appel and Wittig reactions, the difference in relative impact is caused by a small number of individual factors/ reagents. These factors will be discussed in the following section and a sensitivity analysis is described. 
Phenylsilane and diphenylsilane production
In our analysis we assumed that the chlorophenylsilanes are produced via the Barry process (i.e. from chlorosilanes and benzene) as is done by Dow Chemical Company. 29 Other processes that are known use chlorobenzene and chlorohydrosilanes as starting materials (i.e. the direct process) as is performed by Wacker Chemie AG. 30 Chlorosilanes and chlorohydrosilanes are obtained by the same process and since we can deduce from Fig. 7 that there is only a small difference between benzene and chlorobenzene, the impact from phenylsilanes would be similar via either the Barry or the direct process (for both cases LAH reduction is required to obtain the phenylsilanes, so this remains the same). Furthermore, we can deduce from Fig. 7 that a phenyl (Ph) and a hydride (H) moiety contribute in a similar manner to the CED (10 MJ-eq.) which explains the similarity in CED of these two reagents.
Solvents
For the Appel reaction, acetonitrile has an important share in the total CED and GHG emissions. In our analysis, we assumed a concentration of 0.1 M for both reactions. However, it is likely that classic Appel reactions can be performed at a higher concentration such as 1 M, while for catalytic Appel reactions this is not the case. Consequently, the CED emissions of the classic reaction might decrease by 47% and the relative drawback of using the new catalytic process further increases (Table 1 , entry 1). The results of the sensitivity analysis on the GHG emissions are similar to those of the CED and therefore only included in the ESI. † For our analyses, we assumed incineration or distillation of the solvents, depending on the net CED and GHG emission gain or loss as predicted by the ecosolvent tool, aiming for the most environmentally benign treatment. 22 For the solvent amounts that are identical for the classic and catalytic reactions, the relative CED and GHG emission values will remain the same. Still, the absolute values might vary depending on exact solvent treatment conditions. To this end, the minimal and maximal deviations on the total CED values as calculated by the ecosolvent tool per functional unit are provided in Tables 1 and 2 . The results of the sensitivity analysis on the GHG emissions are again similar to those of the CED and therefore only included in the ESI. † As the precise treatment (e.g. used equipment, impurities, energy source, etc.) is unknown, the relative errors per solvent are considerable, in particular when the amount of solvent is Fig. 7 Individual contributions to the cumulative energy demand (CED; left) and greenhouse gas (GHG; right) emission profiles of the reagents and processes for the required amounts per functional unit of triphenylphosphine (PPh 3 ) and silanes. For clarity purposes, similar reagents share the same category (i.e. color). For instance, PCl 3 and SiCl 4 (yellow) both need to be phenylated by either chlorobenzene or benzene (orange), respectively, and thus these reagents are located in the same category. Likewise, the solvents (green, toluene and diethyl ether) and the reducing agents ( purple, lithium and LAH) are in their respective categories. 
Diethyl chloromalonate (DECM) in the Appel reaction
The significant contribution of DECM in the Appel reaction offsets any advantages made by using silanes. It is therefore important to evaluate the individual factors that contribute to the impact of these reagents. From the mass flows that lead to this compound (Fig. 3) , it became clear that especially the high amount of ethanol (40 mol) in the carbonylation process to diethylmalonate and the high amount of chlorine (39 mol) in the alpha-chlorination process are responsible for the CED and GHG emission contributions. 31 In our analysis, it is assumed that the excess of both ethanol and chlorine is not recycled back into the reactions, but this cannot be confirmed by the consulted literature. A possible recycling of the ethanol and chlorine, thus assuming a stoichiometric consumption, leads to ca. 20% less total CED and ca. 32% less total GHG emissions per functional unit (Tables 1 and 2 , entry 6). Hence, if diethyl chloromalonate is produced in a higher efficiency with respect to ethanol and chlorine than originally assumed, its contribution would result in a similar impact level for the four options for the Appel reaction. 32 
Waste types and treatment
For both the classic and catalytic reactions, the amount of waste in weight is similar and has only a minor impact on the CED and GHG emissions (results not shown). However, the composition differs significantly since the classic reactions produce phosphorus waste and the catalytic reactions silicon waste. Both were modeled as general hazardous waste, and consequently their contribution to the CED and GHG emissions is similar. However, other environmental impacts could be significantly different for the silicon or phosphorus waste. For instance, concentrated amounts of phosphates result in eutrophication and can cause significant damage to ecosystems. 33 For silicates, such adverse effects are not expected, and thus this waste is expected to have less environmental impact. 34 
Starting alcohols and aldehydes
Since the yield of the catalytic reaction is lower than that of the classic reaction, the environmental impacts of the starting materials for the former reactions will be higher. For the Appel reaction, this will have no consequences on the final conclusions as the CED and GHG emissions of the catalytic reactions are already higher than the classic reaction. However, for the Wittig reaction this is not the case and before drawing final conclusions, the discrepancy should be accounted for. Table 3 shows the maximum allowed CED and GHG emissions of the starting aldehyde to maintain the conclusion that the catalytic Wittig reactions are preferable over the classic reaction. The calculations are included in the ESI. † Wernet's Finechem Tool provided a CED of 182 MJ-eq. mol −1 olefin for aldehyde 3, while the GHG emissions were predicted to be 8.1 CO 2 -eq. mol −1 olefin. 35 Hence, the impacts of aldehyde 3 fall well within the tolerated range to retain environmentally preferable catalytic reactions for all three silanes.
Conclusions
We conclude that the replacement of stoichiometric amounts of phosphine with phenylsilane or diphenylsilane in the Appel reaction both reduces the CED (93 vs. 66 MJ-eq. mol −1 alkyl halide production) and the GHG emissions (5.8 vs. 4.2-4.7 kg CO 2 -eq. mol −1 alkyl halide production) of those specific reagents. Moreover, the replacement with PMHS appears to have a major reduction in both CED and GHG emissions. However, these advantages are eclipsed by the large contribution of the solvent acetonitrile and offset by the requirement of diethyl chloromalonate (DECM). Furthermore, it should be noted that the contribution of solvent can be lower for the classic (PPh 3 ) Appel reaction, but this is not the case for the catalytic reactions. Moreover, a theoretically optimized DECM production still displays a major contribution of this component and does not alter the outcome to such an extent that the catalytic variants become favorable. Hence, the catalytic Appel reactions with silanes are no improvement in terms of CED and GHG emissions, unless a solution can be found for the requirement of DECM and the relatively large amount of acetonitrile. The high impact of the solvents clearly shows that additional research should be dedicated to decrease the impact of solvents by minimizing their use and/or by application of more environmentally benign solvents. LCA studies can assist in finding such environmentally preferred solvents for chemical processes.
21,36
The Wittig reaction does not require larger amounts of solvent and the contribution of the additional reagent sodium carbonate marginally contributes to the impacts. Hence, the advantages of silanes in the catalytic reaction over triphenylphosphine in the classic reaction are clearly pronounced in the reduction of CED and GHG emissions, particularly by using PMHS (62% less cumulative energy usage and 66% less greenhouse gas potential).
These results can serve as a stimulus to continue research in this relatively new, but important field of chemistry and aid in deciding the directions in which this should be heading 
